Abstract: By physically modelling the scattering of a broadband Gaussian beam projected from an azimuthally scanned catheter, we formulate an inverse scattering solution for optical coherence tomography for intravascular or gastrointestinal imaging.
Introduction
The integration of optical coherence tomography (OCT) with catheters greatly increases the utility of OCT by allowing internal organs to be imaged in a minimally invasive way. [1, 2, 3, 4, 5, 6] Catheters used with OCT typically consist of a single-mode optical fiber through which the illumination beam is guided, a lens to focus the beam outside of the fiber, and a prism or cleaved surface to reflect the beam perpendicular to the long-axis of the catheter. The lens focuses the beam a fixed distance from the catheter axis. Because of this, the region of the object outside the narrow annulus where the beam is focused will be poorly resolved. In previous work [7] , we showed that in the case of a laterally translated beam in OCT, an inverse scattering analysis has yielded an algorithm which allows features outside the focal region to be resolved with a resolution equivalent to that inside the focal region. We expand this work with a new analysis specific to the rotationally-scanned intravascular catheter imaging geometry.
To formulate the inverse scattering problem, we consider an object in space with a three dimensional susceptiblity η(r), where r is expressed in the Cartesian coordinates x, y, and z. The weak scattering (Born) approximation is used, so it is assumed η(r) is a weak perturbation on a background susceptiblity η 0 . A broadband Gaussian beam with a numerical aperture given by N A will propagate parallel to the x − z plane at an angle θ to the x axis, and will be focused a distance z 0 from the y axis. The Gaussian beam will contain illumination spatial frequencies k, where k L < k < k H , and will be rotated around the y axis for all angles −π < θ < π. The beam is translated to positions x = 0, y = p, z = 0 along the y axis. The backscattered signal from the OCT beam is given by S(k, θ, p), from which the 3-D susceptiblity η(r) will be inferred. Fig. 1 illustrates this geometry. Because of the need for brevity, only the results will be summarized here. We define the following Fourier integral of the data:
where n θ is an integer from −∞ < n θ < ∞ and ξ p is a spatial frequency −∞ < ξ p < ∞. Furthermore, we define the following Fourier integral of the susceptiblity:
V is taken over the volume of the object, and k 0 is the center frequency of the illumination. Defining the spectrum of the illumination is A(k), and α = π/N A, then the relationship betweenη(k, whereF
With this diagonal relationship, a Tikhonov regularized solution for the susceptiblity is given by:
where F 2 0 is a regularization constant. We demonstrate the inverse scattering method given by Eq. 5 by computing simulated OCT data corresponding to a collection of point scatterers, and then use the method to infer the suspectibility of the point scatterers from this synthetic data. For simplicity, we model a two-dimensional object that is uniform in the y direction. The simulated volume is 135 by 135 wavelengths and sampled every quarter wavelength, in units of the center frequency wavelength (λ 0 ), which is typically 800-1400 nm for OCT imaging. The fractional bandwidth of the source was 0.25. The illumination beam was 5λ 0 wide at the beam waste, and was focused 38λ 0 from the origin.
The synthetic data was created by choosing random positions for the point scatterers, and then summing the contributions of each scatterer at each angular direction θ and frequency k of the Gaussian beam. Rather than use the forward model of Eq. 3, the backscattered amplitude of each point was implemented in this way to validate the inverse scattering solution, which should be able to invert data produced by any correct method. This data is shown in Fig. 2 as a polar plot, and corresponds to the typical unprocessed synthetic OCT data. The dotted circle corresponds to the radius at which the Gaussian beam is focused. Point scatterers inside the annulus tend to have wavefront that curve towards the origin, and scatters outside the annulus have wavefronts that curve away from the origin.
Part (b) of Fig. 2 is the computed image from the data of part (a). The inverse was achieved using Eq. 5. The transformations in Eqs. 1 and 2 correspond to a series of coordinate changes and Fourier transforms. The coordinate changes are implemented as digital resampling of the synthetic data, and the Fourier transforms were achieved using the Fast Fourier Transform. The results show that the resolution is largely uniform and similar closer to the origin (catheter center) than the focus, but degrades progressively away from the focus. This is because the further away a241_1.pdf WE9.pdf from the origin, the more the outwardly curved Gaussian beam wavefronts are parallel to each other, as opposed to near the origin where the inwardly curved beams cross each other. The diversity of directions from which points near the origin are illuminated improves the achievable resolution at these points. This method, when applied to catheter-based OCT imaging, has the potential to greatly increase the volume of the region that can be resolved without sacrificing numerical aperture. In light of this, catheters should be designed to achieve the highest transverse resolution possible, which means that the achievable resolution is limited only by the aperture size at the end of the catheter and not the depth-of-field requirement. The processing can be implemented using Fast Fourier Transform and other efficient numerical processing techniques, so a practical computational effort of O(N log N ) is possible, where N is the number of resolved points.
